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PHENIX detector

Central Arm, |n| <0.35: PHENIX Detector

* Tracking: PC3  Conta s
e Drift Chambers (DC) ‘ \H" : 1
Op/p =0.7 % + 1.1%p )/ /
 Pad Chambers (PC)  /

o=%1.7mm

* Electromagnetic Calorimeter:
e 2PbGl:0.8% +5.9 %/VE
* 6PbSc:2.1%+8.1%/VE

~ = E
A z
2
997 =W Gl

PCI

* Particle Identification:

e RICH-e* West Beam View East
* TOF Eastand TOF West: Acceptance: -0.35 <1 <0.35, A¢p -2 x90°
* 0O;=100ps

* w/Kp;<2.5GeV/c

* K/pp;<4.0GeV/c
 EMCal timing:

* O;=600ps
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v/s = 510 GeV
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Non-Abelian Gauge Theory

* Factorization breaking i 4 :
predicted in a " \ )
transverse-momentum- P Y.
dependent (TMD) 19!
framework in dihadron 5 -
production (Phys. Rev. D bl e 2
81,094006 (2010)) // g s
TR | =3 T I - <
e Back-to-back two %
particle angular ‘
correlations give * >=) gluon exchanged with -
sensitivity to initial- and the proton remnants
final-state transverse predicts the breakdown

momentum k; and j;




PH ENIX
Correlation function :

Phys.Rev. D95 072002 (2017)

p+p at Vs=510 GeV | 0.1 O Isolated Direct y-h* ]|
Inl<0.35 [ #0%-h

8<ptT'ig<9 Gev/c |01 T Underlying Event
1<paTss°°<2 GeV/cH

0.5

8<p. °<9 GeV/c | 8<p‘T'ig<9 GeV/c
5<p:ss°°<1 0 GeV/c

3<pl®* <4 GeV/c|

0.5 .

5 ,- 0.1 i} PHENIX
K 9<p!®<12 Gevic |
= assoc trig |
= 1<p?*°°°<2 GeV/c 9<p_"<12 GeV/c ig
4 3 T R 3<p®*5°°<4 GeV/c 9<pT <12 GeV/c
T -Ucn T 5<p:ssoc<1o GeV/c
- z‘__- !

0.5t 7
12<p] *<15 GeV/c 0.1 trig -
1<p:ssoc<2 GeV/c | ;2<Es1;oc<1 5 GeV/c 12<p¥ig<15 GeV/c |
<p_|_ <4 GeV/c | 5 <p:ssoc <10 GeV/c
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n0%-h* and direct y-h* correlation function in order to probe
the factorization breaking
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Correlation Function

~aSSOC

Py

Out-of-plane momentum component:

Pou=DPr  -Sin(Ag)

Norbert Novitzky, Photon 2017

-3-0.8
>
()
S L
Extracting the j; from near side: g I P Y
trig __assoc 0.6—
\/ ]T \/ JT f Pr_Pr =0y i PHENIX
trlg assoc Inl<0.35 0
*Pr 051~ p4p at (s=510 GeV ® h
5 2<paTss°°<5 GeV/c
<jT>=O.66210.003¢O.012GeV/c N
4 5 6 7 8 9 10 1
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Correlation Function :

=, ’ assSocC

~aSSOC

pbr

direct photon ptjfig

* Measure p,, hon-

. 510 - y-he 20-he p} [GeV/c] N

perturbative momentum S [ Pepatisssi0Gey ook S

. . . [0) nl<0.35 8 2-$ (x:g_ 2)) -

widths as a function of p™8;, 2 10'E 2,4 - o109 2

Z|Q310°E  0.7<p™<10 GeVic . # v U 89(xi0Y £

. ) Ol 10° T S —— X ¢ 0 9-12(x10'5_)6 =

e Perturbative TMD evolution, O O ) & 125 (x107) <

fe - - : ;

which comes directly from 10° 2

. 10° pu

the generalized TMD QCD o7 g

O

factorization theorem, 10° =
predicts increasing non- 110‘_’10

perturbative momentum 10"

widths with hard scale of

oy Gaussian and Kaplan fits on the data



Gaussian widths of p_ .

The Gaussian widths
of the p,, distribution
are decreasing with p;
- Opposite of the
prediction from TMD
factorization

Sensitive to only

nonperturbative k;
and j; in the nearly
back to back region

o
o))
a

o
o))

0.55

Gaussian Width [GeV/c]

o
3

Phys.Rev. D95 072002 (2017)

O nb-h*
® v-h*
— n%-h* Linear Fit
v-h* Linear Fit
0.7<paTss°°<1 0 GeV/c

PHENIX

l<0.35
p+p at Vs=510 GeV |

\‘\‘~,_\\~\‘~s ~Q\_ —
e

1 | 1 1
12 13 14
ptTrlg [GeV/c]
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Comparison with PYTHIA

V__
PH:-

The Gaussian widths
of the p,, distribution
are decreasing with p;
- Opposite of the
prediction from TMD
factorization

Sensitive to only

nonperturbative k;
and j; in the nearly
back to back region

Gaussian Width [GeV/c]
o
\l

Phys.Rev. D95 072002 (2017)

o
(o)

O PHENIX n%h*
| ® PHENIX y-h*

B PYTHIA Perugia0 y-h*

l<0.35

5 p+p at Vs=510 GeV
0.7<paTss°°<10 GeV/c

o
fe))

0.5

—— PHENIX =%h® Linear Fit
------ PHENIX y-h* Linear Fit _
O PYTHIA Perugia0 n°-h® —— PYTHIA =%-h* Linear Fit

------ PYTHIA y-h* Linear Fit

PYTHIA reproduces the decreasing
trend, but the magnitude is off by
10-15%

1 1 1 1 1 1 1 1 | 1 I 1
4 5 6 7 8 9 10 11 12 13
ptTrlg [GeV/c]
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Gaussian widths of p_ . in p+Au

We can search for

similar factorization QBT T T T ]
. . > ol W prAuat [su\=200 GeV, 0.7<p>>***<6 GeVic _
breaklng EﬁECtS IN p+A 8 - ¢ p+Alat |5, =200 GeV, 0.7<p:ss°°<6 GeVl/c —
Z 0'6__ O p+p at 5=510 GeV, 0.7<pI™** <10 GeV/c (arXiv:1609.14769) |
.l S 0.58— n°-h* _
Additional nuclear = -
_ c 0.56/— —— — ~
effects Mmay INnCrease -% B ,:4:;:;;-[__ PH--ENIX ] S
- wo_54— preliminary — h
the measured width of 3, ..[ e N
Rt . 1 I
the B i
Pout 0.5 | 1<0.35 S 5
0.48/~ Centrality 0-84% 7 >
Hint to have a larger p; o4 FtRangeibiiiliGevie [ 7 T

4 6 8 10

dependency in p+A
collisions




N\
. L PH--ENIX
Frag. Study in nucleus collisions

The direct photon energy is a good

: Y measurement of the outgoing parton
energy:
0 , h
o) <y pT/’ ’
Jjée
) ' 2
q 0
0 " We can define a quantity: S
0 0 J S
0 . . % h 5
E=In(l/z,)=In(p}/pr) E
- ]et g
The fragmentation function can be written in form: 5

D,(&)=1/N,,dN(&)/ d&

The modification of the fragmentation function is quantified as

D, /D, ~Y,/Y =1,
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Frag. Study in nucleus collisions

The direct photon energy is a good

= 0.3 T T T T ™ = T T T T T T T T T T
> .. ﬁ 1.6<E <20 1> b 12<E <16 1> 08<t <12 ] .
A -y e so<p<ocevie] .o} eeEwc | Me3surement of the outgoing parton
015 & 200GeV 1 oasf sl oo § ] energy.
0.1F ] 0.1F LE
o} ;
0.05f $ a 1 oosp C.J E oo(z) e & * 1 ph
18 @ I de @ o ] z. =T/ .
oot ] geste i d TR T Jet
1 15 2 qu)[?ad]s 1 15 2 A;[?.ad](‘} 1 15 2 qu)[?-ad]s pT
+ 0.05 T T T T ™ ~ 0.03 T T T T T
> 1ol 04<E <08 ¢ S ol 0.0<E <0.4
oo} I DA d+Au We can define a quantity:
0.02f é , 0.01F (PRD82,072001) E h
g 1 o.00s} E _ _ Y
it [ hes® | L, & =In(l/z,) = In(p}/ pr)
o 1 -o0.005- E p p
-0.01 -0.01!

I T T R T
Ag[rad] Ag[rad]

The fragmentation function can be written in form:

D,(&)=1/N,,dN(&)/ d&

The modification of the fragmentation function is quantified as

D, /D, ~Y,/Y =1,
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Frag. Study in nucleus collisions

PH

Al
A

Au+Au

p+p

F T T T T T T
0.15F

-0.05-

=

3 : 1.6<E<2

2 01F

'5> [ +

Z L 4
= 0.05] ¢ ’ o]

0¢¢§#i$mmm

1/N,dN/dAG

1 -0.05F

o
-
o

01 1.2<E<1.6
I 5B< p,<7GeV/c |
0.05]

] ) .
O.OQSD;EQS 3

N E
PH:<ENIX ]
preliminary |

1 1

| | | | | 1
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L ! ! ! !
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- 0.05; { - E T T T T T T ; - 0'02} T T T T T T
< E i < 0.03- 44 [
B 0040 08<E<1.2 13 : 04<E<0.8 1B o5t 0<E<0.4
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=002} + " e 1 Sro01 P+ (PRDBZ‘: 072001) ]
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- The direct photon energy is a good
i measurement of the outgoing parton

| energy:

h
_Pr/
jet

r
Pr

Jet

| We can define a quantity (p). = ps)

E=1In(l/z,)=In(p}/pi)

The fragmentation function can be written in form:

D,(&)=1/N,,dN(&)/ d&

The modification of the fragmentation function is quantified as

D, /D, ~Y,/Y =1,
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Fragmentation modification

No visible
modification in d+Au
compared to p+p
collisions

Modification in the
Au+Au collisions.

Transition from
suppression to
enhancement
around £~ 1

N

1/, dN""/de

laa (lda)

o O o o - - -
CRRO®aldDoN
C]”IIHI”III”II” ||||”|||”||||||”

E=1In(l/z,)=In(p}/pk)

- 1 . . r 1 r T r r T ' T T
= 5.0< p_:_ < 9.0 GeV/c x 0.5 < p: < 7.0 GeVic -
= A6 - 7| < /2 E
- M<035 .4 ' —
= U p+p/d+Au/AutAu — 7y +h+X 3
- . @ 200 GeV 3
| P + d+Au 0-100% R_, < 0.4 (£-0.05) _
= | ~— e Au+Au 0-40% (2007+2010+2011) =
- PH ENIX -
L f preliminary O p+p Riso < 0.4 (PRD82,072001 ]
o —g5 5y 7
S
- T r T T 1 T T T 1T r 7 T T =
e Au+Au 0-40% (2007+2010+2011) =
+ d+Au 0-100% R < 0.4 (:-0.05) H =
. i E
* T ‘]"H - 3
+ N " 1 L " L L 1 " " N N 1 N L L " 1 " —'.—:
0.5 1 15 2 )
. S
Suppression Enhancement
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Fragmentation modification

2015 <
§ ol 16<t<2 e Integrating the away side correlation function
e | 5<p,<7GeVic | . . . .
z +++ 4 in different intervals to study the medium
™ 0.05 | . . .
| ‘e H laP 5 effect on the away side jet fragmentation.
of¢ oM |
" PHENIX
| preliminary
00 05 1 15 2 25 3 25 §.40%Au+Au@(s=200Gev  5<P.<7GeVcx05<pl<7GeVle
A¢ [rad] 2 (2007+2010+2011) } o 1Ap-d <2 —
o L L .
1E el i ; 8
. 0.52— E OO i0 E §
The enhancement is more " o5 + s ; = 2
visible when integrating the . ‘ ‘ — -
. . = \%Kf_ 7<p1<9GeV/cx0.5<p:<7GeV/c E E
full away side jet. 2 preiminery ARl
2E 0 - 3|+ £
1= = = o
. 05" @&m " = | & <23
Harder jets seems to have o=, o + " 5 .
no visible modifications Vo | | | | S
.2; %} 9<p1<12GeV/cx0.5<p:<7GeV/cE
T IR A
0.5; E
0— —
E

N
2

05 1 15 2
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Direct photons spectrum in p+p

PhysRevD 86 072008
E
; v CMS (7000) Direct photon (y"'O)
E v
A n=4.5 {Exp. (Is)}
g v [ DO (1800)
- v A ATLAS (7000)
= @v O CDF (1800)
S (% PHENIX (200)
75 A
E v
o e,
E s, |
= A PHENIX (200) ; ’) %ﬁ":é;g)‘m) This report
E ' g A UA2 (630)
E S au UA1 (546)
:5 R806 (63) » @g
= * oo
-
E [1R807 (83.0) . pyyp (63) @
B O R108 (62.4) v E706 (38.7) 5D
E x E706 (31.5) P Vg
E v E704 (19.4)
L m NA24 (23.8) A
% ¢ UA6 (24.3)
- + UAG (24.3)
E A WA70 (22.3)
E
E
Col | Lol
10 10™

The invariant cross of direct photon production
in p+p collisions (from 20 GeV to 7 TeV)
factorizes in dimensional and dimensionless

parts, as

3
Ed (g - n 1(x \/E)
dp \/E eff \AT >

G(x7)

PRD 11, 1199
(1975).

* holds for any scale-free theory.

*n.s =4 L0, ng >4 for NLO

p+p Vs=200GeV 2006 data

§ 1= @ NLO pQCD

lf;‘- 0.5 daa (by W.Vogelsar:g) j

2 0 ——

= T

&-0.5

© L L N

S 0 5 10 15 20 25
p_[GeV/c]
T

PhysRevD 86 072008
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Direct photons spectra in Au+Au

1 Phys.Rev. C91, 064904 (2015)
10 = I I I I ! I I E

The spectrum in p+p collisions * ppdaa
. . . . . 10°L% ° , ]
- o PRL 98, 012002
is described with an empirical -y JERLSS, OLa002
function 10 4 - pp it :
Y :
— 102k \% Au+Au data
1 -\ a PRL 104, 132301 1
H a3 « PRL 109, 152302
Comparison to Au+Au > TN\ cRreetdis
« o o L coll=
collisions, the scaled fit S 1] ‘} ' : £
i .. . ‘ —200GeV >
function from p+p collisions: =2 | ™ Vi = e g
* Described the p; >5GeV/c & | =
S 107°F <
* p;<4 GeV/cshows large ol :
deviation f >
1078 | S
The inverse slope of the 10_96_ |2
enhancement could carry prlGeV/c]
information about the Three different measurements are very

temperature consistent in their overlap regions




Direct photon spectra in Au+Au

N
PH-<ENIX

Thermal yield of the
photons can be extracted

The inverse slope shows no
significant dependence on
the size of the medium

0-20%
20-40%
40-60%
60-92%

This is not the temperature,

239+25+7
260+ 338
225+28+6
238+50*6

rather the space-time
integrated yield

[(GeV/e)?]

d’N
2rpr dprdy

1

10!

100

H
<

._.
9
[3v]

,_.
S
&

_.
2
L

103

10t}

Phys.Rev. C91, 064904 (2015)

(2)g
L)
L ! 4
‘,

1 20-40%

()

o Au+Au

\/SNN = 200GeV

@  — Np-scaled pp fit

¢ 2007,2010

Norbert Novitzky, Photon 2017
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Thermal yield vs volume “

Phys.Rev. C91, 0649()(462)015)
The thermal yield depends on

. . 4
the medium size: e
T
dN/dy —_ A * Na 1004 ,,/"i ,,/”:, "’//,/’f
part i{ U |
g = ek
o =1.38+0.03 +0.07, does not 0 [
depend on the p; limit of the e ~
. w02 3 pr>04GeV/e ¥ pr>1.0GeV/e | S
mtegral | : ZT>O.6GeV/c 3 zr>1.2GeV/c <
102E — [ I pr>08GeV/c & pr>14GeV/c E
g PH-<ENIX 10776 102 o
C preliminary Npart <
- Au+Au—1vy + X, lyl<0.35 S
10 ® Yoy ¥ prompe 2t IS =200 GeV  PRC 91, 064904 3
= ey, at sy, =62.4GeV . . . . <
o [ At at(sw=39Cev Integrated yield is consistent in 5
e . . =
> 15_0;";0”_77*’(&'3‘/’;:0:-32500 eV * T various systems and energies: 2
S ”f + Au+Au at 39, 62.4 and 200 GeV
10"
= Y p,>1.0 GeV o CU+CU at 200 GEV
- T Fit=Ax N, [ 20 ]
10‘25—I | @=135-009
10 10°
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Summary

P, Measurement

p+p at Vs = 510 GeV first measurement probing the predicted
factorization breaking (PRD 81,094006)

p+Au and p+Al at Vs, = 200 GeV show similar or stronger effect on the
factorization breaking

Fragmentation function:

d+Au at Vs, = 200 GeV no fragmentation modification compared to
p+p collisions

Au+Au at Vs, = 200 GeV shows strong modification of fragmentation
function

Spectra:
Au+Au at Vs, = 200 GeV shows large enhancement to p+p at low-p;

oart » Where o~ 1.38.
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The excess yield depends on N
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Universality and Factorization in TMD’s

Drell-Yan SIDIS

* Sign change in Sivers TMD PDF predicted due to initial-
state vs. final-state gluon exchange with proton remnants
between DY and SIDIS: modified universality!

* What about p+p - h, h, where both initial- and final-state
interactions are possible?
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Colin-Soper-Sterman (CSS)

Phys. Lett. B 633, 710 (2006) (DY/2)

1.2 . .
g * Expectation from CSS evolution
‘ . is that any momentum width
_ 08 N sensitive to nonperturbative k;
3 06 grows with the hard scale
Y e Broadening due to
02 increased phase space for -
. bmax = 1.5 GeV™' hard gluon radiation =
5 10 20 50 100 200 g
QGeV] * Note that the CSS £
evolution equation comes =
O.J: 03 - - \ . S
s - = directly out of the 2
W a4 derivation for TMD g
s : e — X et . . o
F S P S g factorization =
8 o} . —— '3; | Je— Al .
.6. ‘ - x-.o.ozss-o.oszs 'S r ; x-.o.on:w.ozw ° Phenomen0|0glca|
2 Doteals | Doteain studies have shown that
o s |, e DY/Z and SIDIS follow this
0 01 02 03 0.:"(8.;';0:.6 07 08 09 1 0 01 02 03 0.|4“ (g.;o"o.e 07 08 09 1 expectal—ion

Phys. Rev. D 89, 094002 (2014) (SIDIS)
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P... In p+A centralities

Surprising centrality
dependency of the

0.65 10-h* ® 0-20% p+Au at VS_NN=200 GeV
gaussian widths in p+Au &~ o 20-60% 0.7<p****<6 GeVic
B l<0.35 .
+ 60-84%

Fit Range: [-1.1,1.1] GeV/c_]
Are there some
centrality dependence
of nuclear effects: k;
broadening, multiple

Gaussian Width [GeV/c]
:
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scattering, flow, etc. 045~ preliminany
] ] . | . | . | . | . |
Interpretations are still 0% 6 8 10

ongoing



